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OPTICAL 2R/3R REGENERATION 



Inventors: Sol P. DiJaili, Jeffrey D. Walker, and John M. Wachsman 

RELATED APPLICATIONS 
[0001] This application claims priority under 35 U.S.C. § 1 19(e) from U.S. Patent 
Application serial No. 60/274,496, entitled, "Optical 2R/3R Regeneration," by Sol P. DiJaili, 
filed March 9, 2001, which is incorporated by reference in its entirety. This application also 
h* claims priority under 35 U.S.C. §1 19(e) from U.S. Patent Application serial No. 60/274,474, 

s 

entitled, "Optical Astable Multivibrator Using a VLSOA," by Sol P. DiJaili, filed March 9, 2001 , 



which is incorporated by reference in its entirety. This application also claims priority under 35 
U.S.C. §1 19(e) from U.S. Patent Application serial No. 60/274,437, entitled, "Fast Optical 
Digital Circuits," by Jeffrey D. Walker and Sol P. DiJaili, filed March 9, 2001, which is 
U incorporated by reference in its entirety. 



INTRODUCTION 

1. Field of the Invention 

[0002] This invention relates generally to optical 2R/3R regeneration. More particularly, it 
relates to optical 2R/3R regeneration utilizing a vertically lasing semiconductor optical amplifier 
(VLSOA). 
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2. 

[0003] 



Description of Related Technologies 

As a result of continuous advances in technology, particularly in the area of 



networking such as the Internet, there is an increasing demand for communications bandwidth. 
For example, the transmission of data over a telephone company's trunk lines, the transmission 
of images or video over the Internet, the transfer of large amounts of data as might be required in 
transaction processing, or videoconferencing implemented over a public telephone network 
typically require the high speed transmission of large amounts of data. As applications such as 
these become more prevalent, the demand for communications bandwidth capacity will only 
increase. 

[0004] Optical fiber is a transmission medium that is well suited to meet this increasing 
demand. Optical fiber has an inherent bandwidth that is much greater than metal-based 
conductors, such as twisted pair or coaxial cable; and protocols such as the SONET optical 
carrier (OC) protocols have been developed for the transmission of data over optical fibers. 
[0005] Fiber optic communications systems transmit information optically at very high 
speeds over optical fibers. A typical communications system includes a transmitter, an optical 
fiber, and a receiver. The transmitter incorporates information to be communicated into an 
optical signal and transmits the optical signal via the optical fiber to the receiver. The receiver 
recovers the original information from the received optical signal. In these systems, phenomena 
such as fiber losses, losses due to insertion of components in the transmission path, and splitting 
of the optical signal may attenuate the optical signal and degrade the corresponding signal-to- 
noise ratio as the optical signal propagates through the communications system. Optical 
amplifiers are used to compensate for attenuations. However, even with amplification, the 
optical signal degrades. Noise and other factors can result in a distortion of the optical signal. 
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[0006] 2R/3R regeneration is used to restore signals that have been degraded. 2R 
regeneration stands for reshaping and retransmission of the signal, and 3R adds retiming of the 
signal. In the past, 2R/3R regeneration has been accomplished through optical-electrical-optical 
("OEO") systems and optical systems that use Mach Zhender modulators. 
[0007] In an OEO system, the signal is converted from optical to electrical, 2R/3R 
regenerated electrically, and finally converted back to an optical signal. Therefore, OEO systems 
have the drawbacks of being relatively large, complex and expensive. In addition, optical 
systems are generally capable of greater speeds than electrical systems. Therefore, an OEO 
system limits the overall system to the speed of the electronics, rather than allowing the inherent 
speed of the optical system to be fully utilized. 

[0008] Mach Zhender systems also have drawbacks. Each Mach Zhender uses multiple 
optical amplifiers and requires an independent second input. Therefore, these systems have the 
drawbacks of being relatively large, complex and expensive. 

SUMMARY OF THE INVENTION 

[0009] The present invention can reshape, retime, and retransmit an input optical signal. 
[0010] One embodiment reshapes an input optical signal. The input optical signal is 
received at an input of an optical one-input flip-flop. A bias signal is also received at the input of 
the optical one-input flip-flop. When the bias signal combined with the input optical signal is 
below a depletion threshold of the optical one-input flip-flop, the output of the optical one-input 
flip-flop is low. When the bias signal combined with the input optical signal is above a depletion 
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threshold of the optical one-input flip-flop, the output of the optical one-input flip-flop is high. 
The optical one-input flip-flop outputs the reshaped input optical signal. 
[0011] Another embodiment recovers a clock signal from an input optical signal. The 
input optical signal is received at a first input of an optical AND gate. A clock signal from a 
variable oscillator is received at a second input of the optical AND gate. The optical AND gate 
outputs a feedback signal. A feedback controller receives the feedback signal and in response 
outputs a control signal. The variable oscillator receives the control signal and in response 
outputs the clock signal. In addition to being sent to the second input of the optical AND gate, 
the clock signal is the recovered clock signal. 

[0012] Another embodiment retimes an input optical signal. The input optical signal is 

fed' 

RJ 

y^. received at a first input of an optical AND gate. A clock signal, recovered from the input optical 

til 

jnj signal, is received at a second input of an optical AND gate. The optical AND gate outputs the 

y 

■ retimed input optical signal. 

iU 

^ [0013] In addition, some embodiments retransmit an input optical signal. 

nj 
U 

[0014] Other embodiments perform more than one of the above functions. For example, 

m 

one embodiment reshapes an input optical signal, recovers a clock signal from the input optical 
signal, retimes the input optical signal, and retransmits the reshaped, retimed input optical signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The invention has other advantages and features which will be more readily 
apparent from the following detailed description of the invention and the appended claims, when 
taken in conjunction with the accompanying drawing, in which: 
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[0016] Figure 1 is a block diagram of an optical 3R regenerator according to the present 
invention. 

[0017] Figures 2(a) through 2(d) are graphs illustrating the reshaping operation performed 
by the first optical AND gate. 

[0018] Figures 3(a) through 3(d) are graphs illustrating clock recovery operation. 

[0019] Figures 4(a) through 4(c) are graphs illustrating the retiming operation performed by 

the third optical AND gate. 

[0020] Figure 5 is a diagram of a vertical lasing semiconductor optical amplifier (VLSOA) 
H i n accordance with the present invention. 

o 

P [0021] Figure 6 is a flow diagram illustrating operation of VLSOA when it is used as an 
jjij amplifier. 

pi 

y [0022] Figures 7(a) - 7(c) are a perspective view, transverse cross-sectional view, and a 

3 

M. longitudinal cross-sectional view of an embodiment of a VLSOA. 

[0023] Figure 8 is a block diagram of a VLSOA configured to function as an inverter. 
[0024] Figure 9 is a block diagram of an optical flip-flop. 
[0025] Figure 1 0 is a block diagram of an optical AND gate. 
[0026] Figure 1 1 is a block diagram of an optical astable multivibrator. 
[0027] Figure 12 is a diagram of an embodiment of a tunable VLSOA, used in a tunable 
astable multivibrator. 

[0028] Figure 1 3(a) is a diagram of a tunable VLSOA with a variable distance between the 
top and bottom mirrors. 

[0029] Figure 13(b) is a diagram of one embodiment of a tunable VLSOA with a variable 
distance between the top and bottom mirrors. 
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[0030] Figure 13(c) is a diagram of one embodiment of a tunable VLSOA with a variable 
distance between the top and bottom mirrors. 

[0031] Figure 14 is a diagram of an embodiment of a tunable VLSOA with a tunable laser 
output wavelength 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



Overview of Optical 2R/3R Regenerator 

[0032] Figure 1 is a block diagram of an optical 3R regenerator 100 according to the 
present invention. The input signal 102 enters the system. A splitter, for example, a directional 
coupler, sends a portion of the input to an optical one-input flip-flop 104. A signal source 106 is 
used to generate the second input to the optical one-input flip-flop 104 and set a threshold for 
signal reshaping. The optical one-input flip-flop 104 combines the input signal 102 and the input 
from the signal source 106 and operates to reshape the signal. The output of the optical one- 
input flip-flop 104 is sent to a third OAND gate 1 16. 

[0033] A second optical AND gate ("OAND" gate) 108 acts to help recover the clock 
signal from the input signal. A portion of the input signal 102 is sent to a second OAND gate 
108 as a first input. The output from a variable oscillator 1 14 is sent to the second OAND gate 
108 as the second input. Both the input signal 102 and the signal from the variable oscillator 1 14 
must be high in order for the output of the second OAND gate 108 to be high. Thus, if the output 
of the variable oscillator 1 14 and the input signal 102 are out of phase, the output of the second 
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OAND gate 108 will be high for shorter periods of time than if both the output of the variable 
oscillator 114 and the input signal 102 were in phase. This fact is used to tune the variable 
oscillator 1 14 to the correct clock signal. 



second OAND gate 108. The detector 110 detects the optical output of the second OAND gate 
108 and converts it into an electrical signal. The output of the detector 1 10 is sent to a low pass 
filter 112. The output of the low pass filter 1 12 is then sent to a variable oscillator 1 14 to control 
the frequency of the variable oscillator 1 14. If the input signal 102 and the variable oscillator 
114 output signal are out of phase, the low pass filter 112 outputs a signal to the variable 
oscillator 114 that brings the variable oscillator 114 output signal into phase with the input signal 
102. Thus, the detector 1 10 in combination with the low pass filter 112 functions as a feedback 
controller. The variable oscillator 114 outputs a clock signal with a frequency controlled by the 
signal from the low pass filter 112. In one embodiment, the variable oscillator 1 14 accepts an 
electrical signal to control the frequency of the output, and outputs an optical signal. In this 
embodiment, the variable oscillator 114 may be, for example, an optical astable multivibrator 
using a VLSOA. In another embodiment, the variable oscillator 1 14 outputs an electrical signal 
which is then input to a source (not shown) which converts the signal from the electrical domain 
to the optical domain and outputs the clock signal as an optical signal. The low pass filter 1 12 
acts to provide feedback to adjust the frequency of the variable oscillator 114 higher or lower 
until the clock signal output from the variable oscillator 1 14 is in phase with the input signal 102. 
[0035] Thus, the output of the variable oscillator 1 14 is the recovered clock signal. The 
output of the variable oscillator 1 14 is connected to the second input of the third OAND gate 116 
if the output of the variable oscillator 1 14 is an optical signal. Alternatively the output of an 



[0034] 



To tune the variable oscillator, a detector 1 10 is connected to the output of the 
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optical source (not shown) that converts an electrical output of the variable oscillator 1 14 to an 
optical signal is connected to the second input of the third OAND gate 116. The third OAND 
gate 116 combines the reshaped signal from the optical one-input flip-flop 104 and the recovered 
clock signal to retime the signal. Thus, the output signal of the third OAND gate 1 16 is the input 
signal reshaped and retimed. The signal is then retransmitted with an optical amplifier 118. 
Alternatively, the third OAND gate 116 provides sufficient amplification that the separate optical 
amplifier 1 18 is not needed. Thus, the output signal 120 of the 3R regenerator 100 is the input 
signal reshaped, retimed, and retransmitted. 

[0036] For a 2R regenerator, the input signal 102 and the output of the signal source 106 

Q are input into the optical one-input flip-flop 104, which operates to reshape the signal. The 

O 

Pi signal is then retransmitted by an optical amplifier 118. Alternatively, the optical one-input flip- 

j ■; flop 104 provides sufficient amplification that a separate optical amplifier is not needed. The 

y 

second and third OAND gates 108 and 116, the detector 110, the low pass filter 1 12, and the 

fjj variable oscillator 1 14 are not needed in the 2R regenerator. The output signal of the 2R 

flj 

f»* regenerator is the input signal reshaped and retransmitted. 

O 

Signal Reshaping 



[0037] Figures 2(a) through 2(d) are graphs illustrating the reshaping operation performed 
by the optical one-input flip-flop 104. Figure 2(a) shows the intensity of the input signal 102 as a 
function of time. The desired shape for the signal is a square wave. As seen in Figure 2(a), the 
input signal 102 has lost much of its square wave form and should be reshaped. 
[0038] The output of the optical one-input flip-flop 104 ideally is either high or low. When 
the input signal has a high enough intensity to meet or exceed a signal threshold Sth of the 
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optical one-input flip-flop 104, the output of the optical one-input flip-flop 104 is high. When 



the input signal is below the signal threshold Sth, the output of the optical one-input flip-flop 104 



is low. 



[0039] As seen in Figure 2(a), a first input signal 102 varies, going above and below the 



signal threshold Sth- In the example shown in Figure 2(a), in order to correctly reshape the 



signal, it is desirable for the optical one-input flip-flop 104 output to go high when the signal 102 



reaches the level attained in Figure 2(a) at time 202 and return low when the signal 102 reaches 



the level attained in Figure 2(a) at time 208. However, the input signal 102 does not reach the 
signal threshold Sth until time 204, and the input signal 102 falls below the signal threshold Sth 

H : 

Q at time 206. This would result in a square wave output of the optical one-input flip-flop 104 

Q 

W which does not stay at the high level as long as is desired. It is also possible for the input signal 

yi 

5 ■ 102 to never reach the signal threshold Sth, in which case the output of the optical one-input flip- 

y 

B flop 104 never goes high. Thus, a signal source 106 is used to adjust the level of the input signal 

Hj 102. Figure 2(b) is a graph of the signal from the signal source 106. As seen in Figure 2(b), the 

pj 

M signal source 106 provides a bias signal. The bias signal is combined with the input signal 102 

Q 

p * and biases the input signal 102 so that the combined signal crosses the signal threshold Sth at the 



appropriate times. 



[0040] Figure 2(c) is a graph of the combined input signal 102 and signal from the signal 



source 106. As seen in Figure 2(c), the signal from the signal source 106 biases the input signal 



102 so that the combined signal Sc crosses the signal threshold Sth at the desired times 202 and 



208. 



[0041] Figure 2(d) is a graph of the output signal Squt of the optical one-input flip-flop 



104. Since the combined signal of Figure 2(c) crosses the signal threshold Sth at time 202, the 
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output signal Sout of the optical one-input flip-flop 104 goes high at time 202. The combined 
signal of Figure 2(c) goes below the signal threshold Sth at time 208, so the output signal Sout of 
the optical one-input flip-flop 104 goes low at time 208. Thus, the optical one-input flip-flop 
104 has reshaped the signal into a square wave. (Note that Figure 2(d) is an idealized 
representation of the square wave. In actuality, the wave form is not totally square. Also 
hysteresis will modify the threshold signals: the Sth when transitioning from low to high will be 
different than when transitioning from high to low.) 

[0042] In an alternate embodiment, no signal source 106 is used. The input signal 102 is 
input to the one-input optical flip-flop 104. The one-input optical flip-flop 104 outputs the 

Q reshaped signal. Instead of biasing an optical one-input flip-flop 104 with a biasing signal, the 

P 

§y signal threshold of the one-input optical flip-flop 104 is set so that the input signal alone crosses 

m 
pj 



the signal threshold at the appropriate times. Therefore, no biasing signal is necessary, and the 
output of the one-input optical flip-flop 104 is the reshaped signal, as shown in Figure 2(d). 



3 

H 

pj Clock Recovery 



[0043] Figures 3(a) through 3(d) are graphs illustrating clock recovery. Figure 3(a) shows 
the input signal 102 as a function of time. The input signal 102 goes high at time 302 and returns 
low at time 304 (which correspond to times 202 and 208 of Figure 2(a)), which is one-half clock 
cycle. The input signal 102 is one input to the second OAND gate 108. The output of the second 
OAND gate 108 ideally is either high or low. When both of the inputs to the second OAND gate 
108 have a high enough intensity to meet or exceed signal thresholds (Sthi for the first input and 
Sth2 for the second input), the output of the second OAND gate 108 is high. When one or both 
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of the signals are below their signal threshold Sthi or Sth2, the output of the second OAND gate 
108 is low. 

[0044] Figure 3(b) shows the output of the variable oscillator 1 14 as a function of time. 
The output of the variable oscillator 1 14 is the second input to the second OAND gate 108. Both 
the input signal 102 and the output of the variable oscillator 1 14 must be high (over the threshold 
levels) in order for the output of the second OAND gate 108 to be high. 

[0045] In Figure 3(b), the output of the variable oscillator 1 14 is out of phase with the input 
signal 102. The half clock cycle shown in Figure 3(a) begins at time 302 and ends at time 304. 
To be in phase, the output of the variable oscillator 114 should also go high at time 302 and 

Q return low at time 304. However, since the variable oscillator 1 14 is out of phase, the output 

O 

flj goes high at time 306 and then returns low at time 308. 

4} 

Jjl [0046] Figure 3(c) shows the output of the second OAND gate 108 as a function of time. 

U 

a To correctly recover the clock, the output of the second OAND gate 108 should go high at time 

u 

flj 302 and return low at time 304. However, the output of the variable oscillator 1 14 is out of 

Pi 

■§»*■ phase with the input 102, so the output of the second OAND gate 108 is at the high level for a 

P 

^ shorter time than it would be if the output of the variable oscillator 1 14 were in phase with the 
input signal 102. Since both the input signal 102 and the output of the variable oscillator 1 14 are 
high at time 306, this is when the output of the second OAND gate 108 goes high. Then, at time 
304, the input signal 102 and the output of the variable oscillator 1 14 are no longer both high, so 
the output of the second OAND gate 108 returns low. Thus, there is a time difference At 
between when the output of the second OAND gate 108 should go high and when the output of 
the second OAND gate 108 actually does go high. 
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[0047] The output of the second OAND gate 108 is detected, converted to an electric signal 
by the detector 110, and sent to the low pass filter 112. The low pass filter 1 12 essentially acts as 
a voltage averager, and outputs the average voltage V A vg of the output of the second OAND gate 
108. The greater the time difference At is, the smaller the average voltage is, as seen in Figure 
3(d). Thus, the low pass filter 1 12 acts to detect the phase difference between the input signal 
102 and the output of the variable oscillator 1 14. The output of the low pass filter 1 12 is sent to 
the variable oscillator 1 14 and controls the frequency of the output of the variable oscillator 114. 
[0048] The variable oscillator 1 14 and low pass filter 1 12 are configured so that when the 
input signal 102 and the output of the variable oscillator 1 14 are out of phase, the feedback from 
O the low pass filter 112 acts to bring the variable oscillator 114 back into phase with the input 

q 

W signal 102. Thus, in operation, the output of the variable oscillator 1 14 is brought into phase 

49 



with the input signal 102. The variable oscillator 114, when in phase with the input signal 102, 
provides the recovered clock signal. In some embodiments, a voltage difference amplifier or a 



fij set voltage bias point exists at the input to the variable oscillator 1 14 so that a static phase 

jlj 

M difference exists between the input 102 and the clock signal from the variable oscillator 114. 

Q 

Signal Retiming 

[0049] Figures 4(a) through 4(c) are graphs illustrating the retiming operation performed by 
the third OAND gate 116. Figure 4(a) shows the reshaped signal output from the optical one- 
input flip-flop 104. As seen in Figure 4(a), the reshaped signal starts low, goes high at time 402, 
goes low at time 404, goes high again at time 406 and returns low at time 408. 



2 1 1 53/0593 1 /DOCS/1 2042 1 0.3 




[0050] Figure 4(b) shows the recovered clock signal Sclk output from the variable 
oscillator 114. As seen in Figure 4(b), the recovered clock signal starts low, goes high at time 
410, goes low at time 412, goes high again at time 414 and returns low at time 416. 
[0051] As seen by comparing Figures 4(a) and 4(b), during transmission the input signal 
102 has spread out and no longer is confined to the periods defined by the clock signal. The 
retiming operation rectifies this spread and ensures that the input signal 102 does not spread so 
much as to cause intersymbol interference (ISI), where one bit of information leaks into another 
and information can be lost. 

[0052] Figure 4(c) shows the retimed signal at the output of the third OAND gate 116. The 

Q output of the third OAND gate 1 16 is high only if both inputs are high. Thus, in Figure 4(c) the 

P 

W output of the third OAND gate 116 starts low, goes high at time 402, goes low at time 412, goes 

jjj high again at time 414 and returns low at time 416. While the retimed signal is not as wide as the 

W 

g. clock signal, such a narrowing is acceptable since the signals spread out during transit. 

N 

Jy Signal Retransmitting 

p 
hk 

[0053] After being reshaped and/or retimed, the optical signal is retransmitted by an optical 
amplifier 118. The optical amplifier 1 1 8 can be a erbium-doped fiber amplifier (EDFA), a 
Raman amplifier, a vertical lasing semiconductor optical amplifier (VLSOA), a transverse lasing 
SOA, a longitudinal lasing SOA, another lasing SOA in which the laser cavity is off-axis with 
respect to the amplifying path, or another type of optical amplifier. In some alternative 
embodiments, the first or third Optical one-input flip-flop 104 or 1 16 provides sufficient 
amplification that a separate optical amplifier 1 18 is not needed. 
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The VLSOA 

[0054] Some embodiments of the OAND gates, variable oscillator, and the optical flip-flop 
all include VLSOAs. Although the described embodiments include VLSOAs, other devices can 
be used in other embodiments. For example, transverse lasing SOAs (in which the laser cavity is 
oriented transversely with respect to the amplifying path), other lasing SOAs in which the laser 
cavity is off-axis with respect to the amplifying path, or longitudinal lasing SOAs in which the 
laser cavity is aligned with respect to the amplifying path may all be used in place of some or all 
of the VLSOAs. 

Q [0055] Figure 5 is a diagram of a VLSOA 500 in accordance with the present invention. 

P 

The VLSOA 500 has an amplifier input 5 12 and an amplifier output 514. The VLSOA 500 
further includes a semiconductor gain medium 520, with an amplifying path 530 coupled 
between the input 512 and the output 514 of the VLSOA 500 and traveling through the 
semiconductor gain medium 520. The VLSOA 500 further includes a laser cavity 540 including 

r* the semiconductor gain medium 520, and a pump input 550 coupled to the semiconductor gain 

P 

f * medium 520. The laser cavity 540 is oriented vertically with respect to the amplifying path 530. 
The pump input 550 is for receiving a pump to pump the semiconductor gain medium 520 above 
a lasing threshold for the laser cavity 540. When pumped above threshold, the laser cavity 540 
generates a laser signal, which will be referenced to as a ballast laser signal. The ballast laser 
signal exits the VLSOA 500 via ballast laser output 516. 

[0056] Figure 6 is a flow diagram illustrating operation of VLSOA 500 when it is used as 
an amplifier. The VLSOA 500 receives 610 an optical signal at its amplifier input 512. The 
optical signal propagates 620 along the amplifying path 530. The pump received at pump input 



m 

a 

u 
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550 pumps 630 the semiconductor gain medium above a lasing threshold for the laser cavity 540. 
When lasing occurs, the round-trip gain offsets the round-trip losses for the laser cavity 540. In 
other words, the gain of the semiconductor gain medium 520 is clamped to the gain value 
necessary to offset the round-trip losses. The optical signal is amplified 640 according to this 
gain value as it propagates along the amplifying path 530 (i.e., through the semiconductor gain 
medium 520). The amplified signal exits the VLSOA 500 via the amplifier output 5 14. 
[0057] Note that the gain experienced by the optical signal as it propagates through the 
VLSOA 500 is determined in part by the gain value of the semiconductor gain medium 520 (it is 
also determined, for example, by the length of the amplifying path 530) and this gain value, in 

O turn, is determined primarily by the lasing threshold for the laser cavity 540. In particular, the 

O 

^ gain experienced by the optical signal as it propagates through each VLSOA 500 is substantially 

in 

p jj independent of the amplitude of the optical signal. This is in direct contrast to the situation with 

u 

w non-lasing SOAs and overcomes the distortion and crosstalk disadvantages typical of non-lasing 

pj SOAs. 

PJ 

H< [0058] Figures 7(a) - 7(c) are a perspective view, transverse cross-section, and longitudinal 

o 

f * cross-section, respectively, of an embodiment of a VLSOA according to the present invention, 
with Figure 7(b) showing the most detail. 

[0059] Referring to Figure 7(b) and working from bottom to top in the vertical direction 
(i.e., working away from the substrate 702), VLSOA 700 includes a bottom mirror 708, bottom 
cladding layer 705, active region 704, top cladding layer 707, confinement layer 719, and a top 
mirror 706. The bottom cladding layer 705, active region 704, top cladding layer 707, and 
confinement layer 719 are in electrical contact with each other and maybe in direct physical 
contact as well. An optional delta doping layer 718 is located between the top cladding layer 707 
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and confinement layer 719. The confinement layer 719 includes a confinement structure 709, 
which forms aperture 715. The VLSOA 700 also includes an electrical contact 710 located 
above the confinement structure 709, and a second electrical contact 71 1 formed on the bottom 
side of substrate 702. 

[0060] Comparing to Figure 5, the semiconductor gain medium 520 includes the active 
region 704 and the laser cavity 540 is formed primarily by the two mirrors 706 and 708 and the 
active region 704. This embodiment is electrically pumped so the pump input 550 includes the 
electrical contacts 710, 71 1. The ballast laser output 516 is located on a top surface of VLSAT 
700. 

|=3: 

Q [0061] VLSOA 700 is a vertical lasing semiconductor optical amplifier since the laser 

O 

W cavity 740 is a vertical laser cavity. That is, it is oriented vertically with respect to the amplifying 

ill 

jj jj path 730 and substrate 702. The VLSOA 700 preferably is long in the longitudinal direction, 

y 

B allowing for a long amplifying path 730 and, therefore, more amplification. The entire VLSOA 

U 

H j 700 is an integral structure formed on a single substrate 702 and may be integrated with other 

PJ 

H> optical elements. In most cases, optical elements which are coupled directly to VLSOA 700 will 

o 

be coupled to the amplifying path 730 within the VLSOA. Depending on the manner of 
integration, the amplifier input 712 and output 714 may not exist as a distinct structure or facet 
but may simply be the boundary between the VLSOA 700 and other optical elements. 
Furthermore, although this disclosure discusses the VLSOA 700 primarily as a single device, the 
teachings herein apply equally to arrays of devices. 

[0062] VLSOA 700 is a layered structure, allowing the VLSOA 700 to be fabricated using 
standard semiconductor fabrication techniques, preferably including organo-metallic vapor phase 
epitaxy (OMVPE) or organometallic chemical vapor deposition (OMCVD). Other common 
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o 

Q 



fabrication techniques include molecular beam epitaxy (MBE), liquid phase epitaxy (LPE), 
photolithography, e-beam evaporation, sputter deposition, wet and dry etching, wafer bonding, 
ion implantation, wet oxidation, and rapid thermal annealing, among others. 
[0063] The optical signal amplified by the VLSOA 700 is confined in the vertical direction 
by index differences between bottom cladding 705, active region 704, and top cladding 707, and 
to a lesser extent by index differences between the substrate 702, bottom mirror 708, 
confinement layer 719, and top mirror 706. Specifically, active region 704 has the higher index 
and therefore acts as a waveguide core with respect to cladding layers 705,707. The optical 
signal is confined in the transverse direction by index differences between the confinement 
structure 709 and the resulting aperture 715. Specifically, aperture 715 has a higher index of 

refraction than confinement structure 709. As a result, the mode of the optical signal to be 

tjl 

P j amplified is generally concentrated in dashed region 72 1 . The amplifying path 730 is through the 

u 

5 active region 704 in the direction in/out of the plane of the paper with respect to Figure 7(b). 

[0064] The choice of materials system will depend in part on the wavelength of the optical 
signal to be amplified, which in turn will depend on the application. Wavelengths in the 
approximately 1.3-1.6 micron region are currently preferred for telecommunications applications, 
due to the spectral properties of optical fibers. The approximately 1.28-1.35 micron region is 
currently also preferred for data communications over single mode fiber, with the approximately 
0.8-1.1 micron region being an alternate wavelength region. The term "optical" is meant to 
include all of these wavelength regions. In a preferred embodiment, the VLSOA 700 is 
optimized for the 1.55 micron window. 

[0065] In one embodiment, the active region 704 includes a multiple quantum well (MQW) 
active region. MQW structures include several quantum wells and quantum wells have the 
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advantage of enabling the formation of lasers with relatively low threshold currents. In alternate 
embodiments, the active region 704 may instead be based on a single quantum well or a double- 
heterostructure active region. The active region 704 maybe based on various materials systems, 
including for example InAlGaAs on InP substrates, InAlGaAs on GaAs, InGaAsP on InP, 
GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb on GaAs. Nitride material 
systems are also suitable. The materials for bottom and top cladding layers 705 and 707 will 
depend in part on the composition of active region 704. 

[0066] Examples of top and bottom mirrors 706 and 708 include Bragg reflectors and non- 
Bragg reflectors such as metallic mirrors. Bottom mirror 708 in Figure 7 is shown as a Bragg 
reflector. Top mirror 706 is depicted as a hybrid mirror, consisting of a Bragg reflector 717 



Q 

O 

fjj 

yns followed by a metallic mirror 713. Bragg reflectors may be fabricated using various materials 

til 

PJ systems, including for example, alternating layers of GaAs and AlAs, Si0 2 and Ti0 2 , InAlGaAs 

u 



and InAlAs, InGaAsP and InP, AlGaAsSb and AlAsSb or GaAs and AlGaAs. Gold is one 
material suitable for metallic mirrors. The electrical contacts 710, 71 1 are metals that form an 
ohmic contact with the semiconductor material. Commonly used metals include titanium, 
platinum, nickel, germanium, gold, palladium, and aluminum. In this embodiment, the laser 
cavity is electrically pumped by injecting a pump current via the electrical contacts 710, 71 1 into 
the active region 704. In particular, contact 710 is a p-type contact to inject holes into active 
region 704, and contact 71 1 is an n-type contact to inject electrons into active region 704. 
Contact 710 is located above the semiconductor structure (i.e., above confinement layer 719 and 
the semiconductor part of Bragg reflector 717, if any) and below the dielectric part of Bragg 
reflector 717, if any. For simplicity, in Figure 7, contact 710 is shown located between the 
confinement layer 719 and Bragg reflector 717, which would be the case if Bragg reflector 717 
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were entirely dielectric. VLSOA 700 may have a number of isolated electrical contacts 710 to 
allow for independent pumping within the amplifier. This is advantageous because VLSOA 700 
is long in the longitudinal direction and independent pumping allows, for example, different 
voltages to be maintained at different points along the VLSOA. Alternately, the contacts 710 
may be doped to have a finite resistance or may be separated by finite resistances, rather than 
electrically isolated. 

[0067] Confinement structure 709 is formed by wet oxidizing the confinement layer 719. 
The confinement structure 709 has a lower index of refraction than aperture 715. Hence, the 
effective cross-sectional size of laser cavity 740 is determined in part by aperture 715. In other 
5 words, the confinement structure 709 provides lateral confinement of the optical mode of laser 

y 

A cavity 740. In this embodiment, the confinement structure 709 also has a lower conductivity than 

(Jj 

PJ aperture 715. Thus, pump current injected through electrical contact 710 will be channeled 

w 

« through aperture 715, increasing the spatial overlap with optical signal 72 1 . In other words, the 

\* 

^ confinement structure 709 also provides electrical confinement of the pump current. 

Pj 

q [0068] Figure 6 was used to illustrate operation of VLSOA 500 as an amplifier. However, 
the VLSOA 500 can also be used for purposes other than amplification, for example switching, 
inversion and wavelength conversion. Referring again to Figure 5, the four basic input and 
output ports of VLSOA 500 are the amplifier input 512 to the amplifying path 530, the amplifier 
output 514 of the amplifying path 530, a pump input 550 for pumping the semiconductor gain 
medium 550, and a ballast laser output 516 for the laser mode of the laser cavity 540. 

VLSOA Configured as Inverter 
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[0069] In the OAND gates and some other applications, the VLSOAs are used as inverters. 
Figure 8 is a block diagram of a VLSOA 500 configured to function as an inverter. In this 
application, the amplifier input 512 serves as the input to the inverter and the ballast laser output 
516 serves as the output. The pump input 550 acts as a power source. In general, the amplifier 
output 514 is discarded in this application. This configuration takes advantage of the fact that the 
laser output 516 acts as a ballast, as will be further described below. In other words, if the 
amplifier output 514 is strong, the laser output 516 will be weak. But if the amplifier output 514 
is weak, the laser output 516 will be strong. Hence, if a digital "0", a weak or nonexistent signal, 
P is input to the amplifier input 5 1 2, the resulting amplifier output 5 1 4 will still be relatively weak 

o 

PJ and the laser output 516 will be strong (a digital "1"). Conversely, if a digital "1", a strong 

4} 

!fl signal, is input to the amplifier input 512, the resulting amplifier output 514 will also be strong 
and the laser output 516 will be weak (digital "0"). Taken to an extreme, if no signal is input to 
the VLSOA 500, there will be no amplifier output 514 and the laser output 516 will have its 



5 



ry 
w 

I* maximum strength. On the other hand, if a very strong signal is input to the VLSOA 500, the 

P 

H gain region will be depleted and lasing will be extinguished, resulting in no laser output 516. 
Hence, the VLSOA 500 operates as an inverter. 

Optical FHp-F1op Detail 

[0070] Figure 9 is a diagram of an optical flip-flop 900. The flip-flop 900 has a set input 
906, a reset input 908, a first output 918, and a complimentary second output 920. The flip-flop 
900 includes a first VLSOA 902, a second VLSOA 904, two combiners 926 and 928, and two 
splitters 922 and 924. The first VLSOA 902 has a pump input 550, an amplifier input 910, an 
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amplifier output 514 and a ballast laser output 914. Similarly, the second VLSOA 904 has a 
pump input 550, an amplifier input 912, an amplifier output 514 and a ballast laser output 916. 
[0071] The components of the flip-flop 900 are coupled as follows. Combiner 926 receives 
two inputs, the set input 906 and an input received from the laser output 916 from the second 
VLSOA 904 via splitter 924. The output of combiner 926 is coupled to the amplifier input 910 
of the first VLSOA 902. The laser output 914 of the first VLSOA 902 is coupled to splitter 922. 
One output of splitter 922 goes to the first output 918 and another output of splitter 922 goes to 
combiner 928. Combiner 928 receives the output from splitter 922 as well as the reset input 
p 908. The output of combiner 928 is coupled to the input 912 of the second VLSOA 904. The 

Jy laser output 9 1 6 of the second VLSOA 904 is coupled to splitter 924. One output of splitter 924 

i , 
fjl is coupled to combiner 926 and the other output goes to the second output 920. In general, the 

m 

W amplifier outputs 5 14 of the first and second VLSOAs 902 and 904 are discarded. The amplifier 

a 

outputs 5 1 4 are used as amplified replicas of the first and second outputs 9 1 8 and 920, in some 

Rj 

11 embodiments. In some embodiments, to aid in avoiding destructive interference at the combiner 
H 926, the wavelengths or polarizations or both of the set input signal 906 and the laser output 9 1 6 
from the second VLSOA 904 are different. Similarly, the wavelengths or polarizations or both of 
the reset input signal 908 and the laser output 914 from the first VLSOA 902 are different in 
some embodiments, to aid in avoiding destructive interference at the combiner 928. This is done 
in one embodiment by using VLSOAs having laser outputs with different wavelengths. 
[0072] The optical flip-flop 900 operates as follows. VLSOAs 902 and 904 operate 
primarily as inverters. If reset input 908 and set input 906 are both low, then the device is 
bistable and "remembers" its last state. If the set input 906 is asserted high with the reset input 
908 low, then the device is set to a state with the second output 920 high and the first output 918 
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low. Conversely, if the reset input 908 is asserted high with the set input 906 low, the device is 
reset to a state where the second output 920 is low and the first output 918 is high. 
[0073] The optical flip-flop 900 implements this functionality as follows. First consider 
the first VLSOA 902 of flip-flop 900. VLSOA 902 is designed so that either a strong set input 
906 signal or a strong second output 920 signal (received via splitter 924 and combiner 926) is 
sufficient to result in an amplifier output 514 which is strong enough to deplete the laser ballast, 
resulting in a weak first output 918 signal at laser output 914. In other words, if the set input 906 
is strong (digital "1"), then the amplifier output 514 will be strong and the laser output 914 will 

|4 be weak (i.e., the first output 918 will be a digital "0"). Similarly, if the second output 920 is 

Q 

6 strong (digital "1"), then the amplifier output 514 will be strong and the laser output 914 will be 

m 

'4} weak (i.e., the first output 918 will be a digital "0"). 

HI 

V{ [0074] Therefore, the combiner 926 and VLSOA 902 together implement a digital NOR 

[4 gate, with the set input 906 and the second output 920 as the inputs and the first output 91 8 as the 

Pi 

Rj output of the NOR gate. VLSOA 904 together with combiner 928 operate similarly and 

H< 

O implement a second NOR gate, with the reset input 908 and the first output 922 as the inputs and 
H " • 

the second output 920 as the output of the NOR gate. Thus, optical flip-flop 900 consists of two 

cross-coupled NOR gates. The optical flip-flop may also be implemented with optical NAND 
gates in other embodiments. 

[0075] The optical flip-flop 900 has two stable states. The first stable state occurs if the 
reset input 908 is low, and a high signal is input at the set input 906. In the first stable state, the 
first output 91 8 is low and the second output 920 is high. This occurs because the high set input 
906 input causes the laser output 914 of the first VLSOA 902 to be weak, which in turn means 
that the first output 918 is weak, and only weak signals (digital "0's") are received at combiner 
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928. Since only weak signals are input to the second VLSOA 904, the laser output 916 of the 
second VLSOA 904 is high. This high signal is then sent to the input 910 of the first VLSOA 
902 via the splitter 924 and the combiner 926. Thus, since the high signal from the second 
VLSOA 904 is then being input to the first VLSOA 902, the optical flip-flop 900 remains in the 
first stable state if the high signal at the set input 906 input is subsequently removed. The second 
stable state is similar to the first. However, in the second stable state, a high signal is input to the 
reset input 908 while the set input 906 is low. In the second stable state, the first output 918 is 
high and the second output 920 is low. 
HAND Gate Detail 

[0076] Figure 1 0 is a block diagram of an optical AND gate 1 000. An optical AND gate 
1000 is similar to an electronic AND gate, but operates with optical signals, instead of electrical 
signals. The input signals enter the optical AND gate 1000 on two inputs 1002 and 1004. The 

output 1005 then outputs a signal that varies based on the values of the input signals. If both of 

«* 

the signals on the inputs 1 002 and 1 004 are high, then the signal on the output 1 005 is high. If 
either or both of the signals on the inputs 1002 and 1004 are low, the signal on the output 1005 is 
low. 

[0077] The optical AND gate 1000 includes the optical flip-flop 900 described above with 
respect to Figure 9. In addition to the optical flip-flop 900, the optical AND gate 1000 comprises 
an optical NAND gate, a first input 1002, a second input 1004, an input splitter 1010, and a third 
VLSOA 1009. Qbar 918 of the optical flip-flop 900 is used as the output 1005 of the optical 
AND gate 1000. 

[0078] The optical NAND gate comprises two VLSOAs 1 006 and 1 008. The two AND 
gate inputs 1002 and 1004 also serve as the two NAND gate inputs and are connected to the 
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amplifier inputs 512 of the two VLSOAs 1006 and 1008, respectively. The laser outputs 516 of 
the two VLSOAs 1006 and 1008 are combined at a combiner 101 1 to result in a combined signal 
1012. The pump inputs 550 of the VLSOAs 1006 and 1008 act as power sources. The amplifier 
outputs 514 of the two VLSOAs 1006 and 1008 are generally discarded in the optical NAND 
gate. In some embodiments, to aid in avoiding destructive interference between combined 
signals, the wavelengths or polarizations or both of the combined signals are selected to be 
different. This is done in some embodiment by using VLSOAs having laser outputs with 
different wavelengths. 

L& [0079] The optical NAND gate takes advantage of the fact that, in the VLSOAs 1 006 and 
P 1008, the ballast laser signals on the laser outputs 5 16 act as ballast. If a weak signal (a digital 

m 

4} "0") is input to one of the amplifier inputs 5 1 2, the semiconductor gain medium 520 will not be 

U1 

W near depleted by the optical signal on the amplifying path 530 (i.e., it will be well below the 

yj 

depletion threshold) and the ballast laser signal on 5 1 6 will be strong (a digital "1 "). Conversely, 
El if a strong signal (digital "1") is input to one of the amplifier inputs 512, the semiconductor gain 
O medium 520 will be near or beyond depletion and the ballast laser signal on 5 1 6 will be weak or 
extinguished (digital "0"). The strong signal of either of the VLSOAs 1 006 and 1 008is a strong 
signal (digital "1") at the output 1012. Thus, if either or both of the VLSOAs output a strong 
signal from one of the laser outputs 516, the output 1012 of the optical NAND gate is strong. 
Only if both of the laser outputs 516 of the two VLSOAs 1006 and 1008 are weak will the output 
1012 be weak. This occurs when both of the inputs 1006 and 1008 are strong. Thus, NAND 
functionality is implemented. As noted above, the optical flip-flop 900 may be implemented 
with optical NAND gates. 
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[0080] Two embodiments of and optical AND gate 1000 are described. The first 
embodiment of an optical AND gate 1000 is simpler than the second embodiment. The first 
embodiment comprises the NAND gate described above in combination with another VLSOA 
that acts as an inverter as described above. In the first embodiment, the NAND gate output 1012 
is simply used as the input to the inverter. Thus, the inverter inverts the NAND gate output 1012 
and the resulting combination is an optical AND gate. 

[0081] Figure 1 0 is a block diagram of the second embodiment of an optical AND gate 
1 100. The components of the optical AND gate 1000 are coupled as follows. Both the first input 
1002 and the second input 1004 are coupled to the optical NAND gate. The output 1012 of the 
n NAND gate is coupled to the input splitter 1010. One output of the input splitter 1010 is coupled 
4) to the S input 906 of the optical flip-flop 900. The other output of the input splitter 1010 is 

m 

m coupled to the amplifier input 1016 of the third VLSOA 1009. The ballast laser output 1014 of 

U 

* the third VLSOA 1009 is coupled to the R input 908 of the optical flip-flop 900. In general, the 
amplifier output 514 of the third VLSOA 1009 is discarded. 

[0082] The optical AND gate 1000 functions as follows. The input signals received at the 
first and second inputs 1002 and 1004 are received at the NAND gate. The output 1012 of the 
NAND gate is sent to the input splitter 1010. Part of the split signal from the input splitter 1010 
is sent to the S input 906 of the optical flip-flop 900. Part of the split signal from the input 
splitter 1010 is also sent from the input splitter 1010 to the amplifier input 1016 of the third 
VLSOA 1009. The ballast laser output 1014 of the third VLSOA 1009 is coupled to the R input 
908 of the optical flip-flop 900. Since the ballast laser output 1014 of the third VLSOA 1009 is 
used, the third VLSOA 1009 functions as an inverter, as described above. Because the third 
VLSOA 1009 functions as an inverter, the signal received at the R input 908 of the optical flip- 
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p [0084] Thus, the optical AND gate 1000 has an output 1005 of high (digital "1") if both the 

& inputs 1002 and 1004 are high. The optical AND gate 1000 has an output 1005 of low (digital 

Ul * . 

P J "0") if either or both of the inputs 1 002 and 1 004 are low. 



m 

S s 



flop 900 is the opposite of the signal received at the S input 906 of the optical flip-flop 900. 
Therefore, a high signal is input to either the S input 906 or the R input 908, and a low signal to 
the other input 906 or 908. 

[0083] If the output 1012 of the NAND gate is high, the S input 906 to the optical flip-flop 
900 is high and the R input 908 to the optical flip-flop 900 is low. Therefore, Qbar 918, used as 
the output to the optical AND gate 1000, is low and Q 920 is high. Thus, if either input 1002 or 

1004 is low, the output 1012 of the NAND gate is high, and the optical AND gate 1000 output 

1005 is low. If both the inputs 1002 and 1004 are high, the output 1012 of the NAND gate is 
low, and therefore Qbar, and the AND gate output 1 005, is high. 



[0085] In addition, if Q 920 is used as the output, the optical AND gate 1 000 functions as 
another embodiment of an optical NAND gate. This is because Q 920 provides the opposite 
signal that Qbar 918 does. 

One-Inout Optical Flio-Flop 
[0086] The optical 2R/3R regenerator also includes a one-input optical flip-flop. A two- 
input optical flip-flop 900 was discussed above, with respect to Figure 9. A one-input optical 
flip-flop is similar to the optical AND gate 1000 of Figure 10, and includes most of the 
components of the optical AND gate 1000. However, in contrast to the optical AND gate 1000, 
VLSOAs 1006 and 1008 are not included in the one-input optical flip-flop. The one-input 
optical flip-flop has one input 1002, and does not use the second input 1004. This one input 
1002 is connected to the splitter 1010. 
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[0087] The one-input optical flip-flop functions as follows. The input signal is received at 
the first input 1002. The input 1002 is sent to the input splitter 1010, and then to the set input 
906 of the optical flip-flop 900. The input 1002 is also sent from the input splitter 1010 to the 
amplifier input 1016 of the third VLSOA 1009. The laser output 1014 of the third VLSOA 1009 
is coupled to the reset input 908 of the optical flip-flop 900. Since the laser output 1014 of the 
third VLSOA 1009 is used, the third VLSOA 1009 functions as an inverter, as described above. 
Because the third VLSOA 1009 functions as an inverter, the signal received at the reset input 908 
of the optical flip-flop 900 is the opposite of the signal received at the set input 906 of the optical 

(4 flip-flop 900. Therefore, a high signal is input to either the set input 906 or the reset input 908. 

Q 

£3 [0088] If the input 1 002 is high, the set input 906 to the optical flip-flop 900 is high and the 



4} reset input 908 to the optical flip-flop 900 is low. A high input is an input over the depletion 

m 

W threshold of the VLSOA. Therefore, the first output 9 1 8 is low and the second output 920, used 



w 

Kj 

m 
m 



as the output of the one-input optical flip-flop, is high. Thus, if the input 1002 is high, the one- 
input optical flip-flop output 920 is high also. The depletion thresholds of the VLSOAs 902, 
904, and 1009 of the one-input optical flip-flop are chosen so that if the input 1002 is high, the 
laser outputs of VLSOAs 1009 and 902 are low. If the input 1002 is low, the laser outputs of 
VLSOAs 1009 and 902 remain high enough so that the laser output 916 of the VLSOA 904, and 
therefore the second output 920, which is the output of the one-input optical flip-flop, is low. 
[0089] Thus, the one-input optical flip-flop has an output 920 of high (digital "1") if the 
input 1002 is high. The one-input optical flip-flop has an output 920 of low (digital "0") if the 
input 1002 is low. 

[0090] As described above, the depletion threshold of VLSOAs 500, such as VLSOAs 902 
and 1009, may be set in a number of different ways. For example, varying the gain of a VLSOA 
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500 will vary the depletion threshold. A higher gain means that depletion will be achieved by a 
weaker signal at the amplifier input 512, since the weaker signal at the amplifier input 512 will 
be amplified more while propagating through the VLSOA 500. In other words, increasing the 
gain of the VLSOA 500 reduces the depletion threshold. As another example, the amount of 
laser ballast itself may be varied by varying how much the VLSOA 500 is pumped. Pumping the 
VLSOA 500 harder results in a stronger laser ballast, which in turn will require more depletion 
before toggling. Thus, pumping harder increases the depletion threshold. Furthermore, by 
varying the splitter or combiner ratios of splitters 922 and 924 or combiners 926 and 928, or by 
U adding additional loss in the connecting branches in the circuit, the thresholds can be adjusted. 

Variable Oscillator 

y| [0091] In some embodiments, the variable oscillator 1 14 is a tunable optical astable 
y multivibrator. Figure 1 1 is a block diagram of an optical astable multivibrator 1 100 which 

s 

i* includes a VLSOA 500. When used as part of an astable multivibrator 1 1 00 as shown in Figure 

m 

f4 11, the laser output 5 1 6 of the VLSOA 500 is coupled to a time delay 1 1 02. The laser output 5 1 6 

Y« 

P is directed to the time delay 1 1 02 by mirrors 1 1 06, by waveguides, or by other methods or 

devices. The output of the time delay 1 102 is then coupled to the input 512 of the VLSOA 500, 
again by using mirrors 1 1 06, by using waveguides, or using other methods or devices. The time 
delay 1 102 creates a time lag between the time a signal leaves the laser output 516 of the VLSOA 
500 and the time the signal reenters the VLSOA 500 as the input 512. The amplifier output 514 
of the VLSOA 500 is the output signal 1 108 of the astable multivibrator 1 100. 
[0092] As discussed above, the VLSOA 500 can operate as an inverter. The laser output 
516 of the VLSOA 500 is the input 512 signal inverted. In the astable multivibrator 1 100, the 
laser output 516 of the VLSOA 500 is returned to the input 512 after passing through the time 
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delay 1 102. Thus, since the laser output 516 is the input 512 signal inverted, and the time- 
delayed laser output 516 is also fed back into the VLSOA 500 input 512, the result is a periodic 
square waveform at the amplifier output 514 of the VLSOA 500. This amplifier output 514 is 
used as the output 1 1 08 of the astable multivibrator 1 1 00. 

[0093] The time delay 1 1 02 determines the frequency of the periodic square waveform at 
the output 1 108 of the astable multivibrator 1 100. Varying the time delay 1 102 varies the 
frequency of the periodic square waveform. Thus, an astable multivibrator can function as the 
variable oscillator 1 14. Advantageously, the astable multivibrator 1 100 illustrated in Figure 1 1 is 

H capable of generating a waveform with a much higher frequency than electronic systems 

Q 

O generate. In one embodiment, the time delay 1 1 02 is provided by a length of optical fiber. The 
length of the optical fiber determines the amount of delay. A longer optical fiber means a longer 
delay and a smaller frequency of the output 514. In an alternate embodiment, the time delay 
U 1 1 02 is a silicon waveguide. Again, a longer silicon waveguide means a longer delay and lower 

11 J frequency. For example, routing the laser output 5 1 6 through 1 mm of silicon as the time delay 

H 

P 1 1 02 prior to the input 5 1 2 provides a waveform at the output 1 1 08 of the astable multivibrator 
1 100 of 100-160 Gigahertz. 

[0094] The frequency of the signal at the output 1 108 of the astable multivibrator 1 100 can 
also be varied by changing the wavelength of the laser output 5 1 6 of the VLSOA 500. In 
changing the wavelength of the laser output 516, the time delay also changes, due to dispersion, 
as the laser travels through the time delay 1 102 material. Dispersion, the change in propagation 
velocity with wavelength, can be intrinsic to the material used in the time delay element 1 102. 
Also, the dispersion in the time delay 1 102 can be enhanced by using doped material, a Gires- 
Turnois interferometer, the dispersive properties of a resonator cavity or element (Fabry-Perot or 
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otherwise), Bragg grating structures, couplers, grating assisted couplers, or dispersive or normal 
waveguides. The wavelength of the laser output 516 is determined by the optical path length of 
the laser cavity of the VLSOA 500. Two aspects of the VLSOA 500 primarily determine the 
optical path length, and thus the wavelength of the laser output 516: the distance between the 
mirrors of the VLSOA 500 and the refractive index of the active materials of the VLSOA 500. 
By choosing the distance between the mirrors and the refractive index of the active materials, the 
wavelength of the laser output 516 can be varied, which in turn determines the frequency of the 
output 514 signal. 

[0095] Figure 12 is a diagram of an embodiment of a tunable VLSOA 1200, having a 
Q tunable laser output 1210 wavelength, used in a tunable astable multivibrator 1 100. The VLSOA 



u 

5 



1200 has an input 512 to the amplifying path, an amplifier output 514, a pump input 550 for 
pumping the active region, and a ballast laser output 1210 for the laser mode of the laser cavity. 
The optical path length of the VLSOA 1200 is tunable. Thus, because the optical path length of 
W the laser cavity determines the wavelength X t \ of the laser output 1210, the laser output 1210 of 

nj 

It the VLSOA 1 200 has a tunable wavelength X t \. 

M 

[0096] The optical path length of the lasing cavity determines the wavelength X { \ . Two 
aspects of the tunable VLSOA 1200 primarily determine the optical path length, and thus the 
wavelength X x \ y of the laser output 1210: the distance 1212 between the mirrors 706 and 708 and 
the refractive index of the active materials of the tunable VLSOA 1200. In the tunable VLSOA 
1200, the distance 1212 between the mirrors 706 and 708, the refractive index, or both the 
distance 1212 and the refractive index, are variable. The optical path length can be changed 
physically, electro-optically, photo-optically, thermo-optically, through carrier injection, and by 
other methods. 
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[0097] Methods to tune the wavelength X { \ of the VLSOA 1200 include: (a) ring cavities 
where the length of the ring determines the wavelength; (b) coupled cavity resonators, where a 
series of Fabry-Perot cavities, or rings, or another resonant cavity collectively determine the 
wavelength k t \; (c) photonic band gap resonators and filters - a group of resonators and filters 
that are very small and filter photons much in the same way electrons in a crystal form bandgaps; 
(d) directional coupler filters, which allow two modes to be coupled in a wavelength dependent 
manner using waveguide guide modes or another type of mode; (e) grating assisted couplers, 
which are similar to directional coupler filters, but a grating (periodic index or gain/absorption 
perturbations) is used to help select the peak wavelength; (f) diffraction gratings, which cause a 
periodic change in index of refraction or gain/absorption across the transerse profile of the light 
beam such that wavelength dependent diffraction peaks (1 st order, 2 nd order, etc.) result; (g) 
Echelle gratings, or one of many other types of gratings; (h) arrayed waveguide gratings, which 
are a series of waveguides that are phased to give wavelength dependent transmission, such as a 
phased array radar antenna system; (i) multi-mode interferometer filters, which utilize higher 
order transverse modes and their coupling between each other to achieve filter and splitter 
effects; (j) an asymmetric Mach-Zhender filter, which is a type of filter that utilizes a splitter, two 
unequal optical path lengths, and a combiner to achieve a filtered response (this can also be done 
using two polarizations); (k) Sagnac interferometer filter, which is similar to the Mach-Zhender 
but in a ring type configuration. 

[0098] Figure 13(a) is a diagram of a tunable VLSOA 1200 with a variable distance 1212 
between mirrors 706 and 708. Changing the distance 1212 between the mirrors 706 and 708 
changes the optical path length, and thus the wavelength of the laser output 1210. There are 
several ways to change the distance 1212 between the mirrors 706 and 708. 
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[0100] A first embodiment of a tunable VLSOA 1 200 with a variable distance 1212 
between the mirrors 706 and 708 uses a micro electro-mechanical system (MEMS) to adjust the 
distance 1212. The tunable VLSOA 1200 includes an air gap 1302 between the top mirror 706 
and the bottom mirror 708. The top mirror 706 is capable of moving closer or further from the 
bottom mirror 708. In one embodiment, the range of motion of the top mirror 706 is 
approximately 30nm. A voltage V is applied between the top mirror 706 and a conducting layer 
1304 to move the top mirror 706. As the voltage V is changed, the top mirror 706 moves and the 
distance between the mirrors 706 and 708 changes. In this embodiment, the top mirror 706 is an 
electrostatic deformable membrane. Preferably, as the top mirror 706 moves, it remains parallel 

M* 

Q to the active region of the tunable VLSOA 1200. 

q 

PJ [0101] There are many arrangements of the top mirror 706 that allow the top mirror 706 to 

Si 
w 
u 



move. In one embodiment, shown in Figure 13(b), the top mirror 706 is suspended in the air gap 
1302 by a cantilever section 1306. In another embodiment, shown in Figure 13(c), the top mirror 



pj 706 is suspended by four flexible tethers 1308. Alternatively, a different number of tethers 1308 



could be used. 

^ [0102] The refractive index can also be changed to change the optical path length. There 
are several ways to change the refractive index. Figure 14 is a diagram of an embodiment of a 
tunable VLSOA 1200 with a tunable laser output wavelength. The embodiment of the tunable 
VLSOA 1200 shown in Figurel4 includes a tunable region 1402 between the active region and 
the top mirror 706. The tunable region 1402 could also be placed between the active region and 
the bottom mirror 708. The wavelength of the laser output is timed by changing the refractive 
index of the tunable region 1402. 
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[0103] In a first embodiment, the tunable region 1402 is a liquid crystal layer. Applying a 
voltage across the liquid crystal layer controllably changes the refractive index. In another 
embodiment, layers of temperature sensitive materials are used to make up the tunable region 
1402. Changing the temperature changes the refractive index of the layers of temperature 
sensitive materials. 

[0104] Additionally, the index of refraction of the tunable region 1402 may be adjusted 
using physical mechanisms which occur within semiconductor material such as, for example, the 
thermo-optic effect, the Stark effect, the quantum-confined Stark effect, the Franz-Keldysh 
effect, the Burstein-Moss effect (band filling), the electro-optic effect, the acousto-optic effect, or 

p other techniques. Further, electrons and/or holes can be injected into the tunable region to cause 

HJ a change in the refractive index. 

*j ? [0105] Thus, it is possible to control the wavelength of the signal at the laser output 516. 

m 

Since a different wavelength of the laser output results in a different time delay, the frequency of 
jy the output 514 is also controlled by controlling the wavelength of the laser output. A VLSOA 

i >4 

H with a tunable laser output wavelength provides an astable multivibrator 1 100 with a controllable 

o 

output 5 1 4 frequency. 

[0106] In an alternative embodiment, the output 514 frequency is controlled by changing 
the index of refraction of the material providing the time delay. Changing the index of refraction 
of the time delay material changes the time delay provided by the time delay material. The index 
of refraction of the material providing the time delay can be changed using the same methods 
described above to change the index of refraction of the tunable region 1402. 
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[0107] Thus, the astable multivibrator 1 1 00 is capable of providing a square waveform 
output over a range of frequencies. Such a square wave output allows the astable multivibrator to 
be used as the variable oscillator 114 of the 3R regenerator. 

[0108] It should be noted that the VLSOA or other types of lasing SOAs can improve the 
performance of other types of 2R/3R regenerators (beyond the embodiments disclosed herein), 
wavelength converters, modelocked lasers, CW (continuous wave) ring lasers, and other systems 
that utilize conventional SOAs. By providing a constant gain for a significant range of input and 
output powers, the VLSOA or other type of lasing SOA improves extinction ratio or noise 
performance of such devices. If gain recovery is required, then the VLSOA or other lasing SOA 
provides for a much improved gain recovery time. Thus, for example, replacing conventional 
SOAs with lasing SOAs provides performance advantages. 

[0109] While the invention has been particularly shown and described with reference to a 
preferred embodiment and several alternate embodiments, it will be understood by persons 
skilled in the relevant art that various changes in form and details can be made therein without 
departing from the spirit and scope of the invention. 
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